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SUMMARY 
The t r a j ec to r i e s  of droplets i n  the a i r  flowing past  a 36.5-percent- 
thick Joukowski a i r f o i l  at  zero angle of attack were determined. The 
amount of water i n  droplet form impinging on the a i r f o i l ,  the  area of 
droplet impingement, and the  r a t e  of droplet impingement per unit  area on 
the a i r f o i l  surface were calculated from the  t ra jec tor ies  and cover a 
large range of f l i g h t  and atmospheric conditions. 
impingement information available, the 36.5-percent-thick Joukowski a i r -  
f o i l  can serve the  dual purpose of use as t h e  pr incipal  element i n  instru-  
ments f o r  making measurements i n  clouds and of a basic shape for estimating 
impingement on a thick streamlined body. 
W i t h  the  detai led 
Methods and exarnples are presented f o r  i l l u s t r a t ing  some limitations 
when the a i r f o i l  i s  used as the pr incipel  element i n  the dye-tracer 
technique. 
LNTRODUCTION 
A commonly used technique f o r  making measurements i n  icing clouds, 
e i ther  i n  f l i g h t  or  i n  icing tunnels, involves the col lect ion of i ce  on 
cylinders of different  diameters exposed t o  the airstream. 
i s  known as the  rotat ing multicylinder method and is described i n  refer-  
ence 1. Another technique f o r  measuring cloud droplet s izes  pr incipal ly  
i n  tunnels and with temperatures above freezing is  described i n  reference 
'2 as the dye-tracer technique. I n  t h i s  method, a blotter-wrapped body, 
such as a cylinder or a i r f o i l  f o r  which theoret ical  droplet impingement 
data are available, i s  exposed t o  an airstream containing a dyed-water 
spray cloud. 
b lo t t e r  are  analyzed and are compared with theoret ical  values i n  order t o  
obtain the s izes  of the droplets i n  the impinging clouC. 
This technique 
The amount and local  dis t r ibut ion of dye residue i n  the  
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Several other methods involving photography, sampling techniques, 
l igh t  scattering, droplet impaction, or combinations of two or more of 
these principles,  such as are  described i n  reference 3 (see also re fer -  
ences l i s t e d  i n  re f .  3), have been employed i n  the process of developing 
cloud measuring instruments. The scope of t h i s  report  is conf inedto  
presenting data and discussion intended t o  ref ine the  use of the dye- 
t racer  technique * 
The impingement data obtained from droplet t ra jec tory  calculations 
a re  required f o r  e i ther  t he  rotat ing multicylinder method or the  dye- 
t racer  technique. The calculation of droplet t ra jec tor ies  requires a 
knowledge of the  airflow f i e l d  surrounding the aerodynamic body being 
studied. I n  order t ha t  the t ra jec tory  calculations agply i n  principle,  
the  calculated a i r  velocity components surrounding the body must be the 
same as those existing i n  the  atmosphere during the measurements. The 
velocity components used i n  the calculations m e  usually obtained from 
the solution of theore t ica l ly  derived flow equations f o r  a body immersed 
i n  an idea l  incompressible f lu id .  The equations do not account f o r  
viscosity, separation of the  flow from the body, e f fec ts  of compressibility, 
turbulence, and other factors .  The e f fec ts  of compressibility of the  a . i r  
on droplet t ra jec tor ies  have been found t o  be negligible up t o  the  f l i g h t  
c r i t i c a l  Mach number of the body (ref. I>. With most w e l l  designed 8ez-0- 
dynamic bodies and when used fo r  measuring atmospheric cloud droplets of 
i n t e re s t  i n  icing, the e f fec t  of viscosi ty  is small as it i s  confined t o  
the boundary-layer region. 
A concern f o r  the e f fec t  of flow separation around cylinders is  
expressed i n  reference 2, i n  which a comparison of the theore t ica l  and 
wind tunnel experimental surface veloci t ies  on cylinaers i s  given. The 
comparison is  repeated herein as figure 1. 
of local  surface velocity t o  free-stream velocity d i f f e r  over the e n t i r e  
cylinder surface. 
due t o  ea r ly  separation of the flow. This separation may induce a flow 
pat tern ahead of the cylinder t ha t  is  not attendant t o  a r igh t  c i rcu lar  
cylinder but ra ther  t o  some v i r tua l  shape related t o  the posit ion of 
separation on the  cylinder surface. The large differences i n  the  loca l  
velocity on the  cylinder surface indicate tha t  the airflow f i e l d  ahead 
of the cylinder may be considerably different  from the  theore t ica l  flow 
f i e ld .  Consequently, ac tua l  droplet t ra jec tor ies  may be different  from 
the theore t ica l  calculations of reference 1 and m y  contribute t o  errors 
and t o  such anomalies as discrepancies i n  the cloud measurements (droplet- 
s ize  d is t r ibu t ion  and liquid-water content) when the s i ze  of the cylinder 
is varied. 
manner as t o  be inconsistent with the theore t ica l  analyses of reference 
1. The varied deviations of measured surface velocity among different-  
sized cylinders from the  theore t ica l  surface velocity (fig. 1) imply an 
explanation fo r  the cylinder-size trend. 
It is  apparent tha,t the  r a t i o s  
The difference between eqeriment and theory may be 
These discrepancies are re la ted  t o  cylinder s i ze  i n  such a 
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The experimental work of reference 2 suggests the  use of a b l u n t -  
The blunt-nosed shapes are preferred, 
nosed body such as the cylinder but with a streamlined t r a i l i n g  sect ion 
that  minimizes flow separation. 
especially when used with the  dye-tracer technique described i n  reference 
2.  The pr incipal  reasons for t h i s  preference are t h a t  the  l i m i t s  of i m -  
pingement and dis t r ibut ion of water on the surface are more easi ly  measured 
on bluff bodies. 
On the bas i s  of wind tunnel experience, a thick Joukowski a i r f o i l  
section w a s  investigated as a possible streamlined, blunt-nosed body. 
Joukowski a i r f o i l  has many of the desirable geometric qual i t ies  and, i n  
addition, is  amenable t o  simple calculations of the flow f i e ld .  A 60- 
percent-thick Jouskowski a i r f o i l  section w a s  tes ted i n  the wind tunnel 
and was found t o  have serious airflow separation. A section a rb i t r a r i l y  
reduced t o  a thickness of 36.5 percent was  a sat isfactory bluff body w i t h  
only a small difference between the theoret ical  and experimental surface 
veloci t ies  ( f i g .  2 ) .  T h i s  a i r f o i l  gives a surface velocity r a t i o  within 
4 percent of the  calculated ideal .  
the  36.5-percent-thick a i r f o i l  w a s  found sat isfactory and the a i r f o i l  
retained the desired bluntness, no other a i r f o i l  was examined. 
A 




Droplet t ra jec tor ies  were calculated for the 36.5-percent-thick k” 3 > Joukowski a i r f o i l  at the NACA Lewis laboratory. The calculations help 
explain some of the d i f f i cu l t i e s ,  which are discussed later, encountered 
i n  the use of cylinders. W i t h  detailed information on droplet impingement 
available, the 36.5-percent-thick Joukowski a i r f o i l  serves a dual purpose. 
Besides providing an aerodynamic body f o r  replacing cylinders when they 
exhibit  undesirable surface velocity dis t r ibut ions i n  cloud measuring 
instruments, the calculations serve as an immedizte contribution of in- 
formation on impingement on very thick a i r f o i l  sections used i n  some 
applications such as radar housings. Streamlined s t r u t s  closely resembling 
thick-sectioned Joukowski a i r f o i l s  me a l so  often used f o r  mounting in- 
struments, f u e l  tanks, and armament projecting into the  airstream. . 
CALCULATIONS OF DROPLET T€UJXCTORIES 
I n  order t o  f ind the rate and dis t r ibut ion of droplet impingement 
on the surface of a body, it is necessary t o  determine the cloud-droplet 
t ra jec tor ies  with respect t o  the  body. The method used for the 36.5- 
percent-thick Joukowski a i r f o i l  i n  calculating the dsoplet t ra jec tor ies  
is essent ia l ly  the same as described i n  reference 1 f o r  the cylinder. 
Assumptions necessary f o r  the solution of the problem are: (1) A t  a large 
distance ahead of the body the droplets are  at r e s t  with respect t o  the 
air; (2) the only external force acting on the droplets, as the a i r f o i l  
approaches the  droplets, is the  drag force due t o  the r e l a t ive  velocity 
of the air with respect t o  the droplets; and (3) the droplets a re  always 
spherical  and do not change i n  s ize .  
4 
Different ia l  Equations of Droplet Motion 
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The d i f f e ren t i a l  equations tha t  describe the motion of the droplets 
we obtained by equating the drag force with the rate of change of momentum 
of the droplet. The equations apply t o  the motion of droplets i n  a plane 
coincident with the a i r f o i l  section as shown i n  f igure 3. 
location i n  the  coordinate system used i n  other NACA reports (such as ref. 
4) is retained herein. The geometric chord l i ne  of the a i r f o i l  is col- 
l inear  with the x-axis of the rectangular coordinate system, and the  lead- 
ing edge is placed at the or ig in  of the coordinates. 
tance ahead of the a i r f o i l ,  the  uniform airflow carrying the cloud drop- 
l e t s  is  assumed t o  be approaching the a i r f o i l  from the  negative x-direction 
and pa ra l l e l  t o  the x-axis. 
The a i r f o i l  
A t  an in f in i t e  dis-  
The equations of motion, as derived i n  reference 1, are 
where Re is  the loca l  Reynolds number with respect t o  the droplet diam- 
eter 
(All symbols ase defined i n  appendix A , )  
2a and the loca l  r e l a t ive  velocity between the air and the droplet. 
Thus, 
The coefficient i n  equation ( 2 )  is called the free-stream Reynolds number 
Reo. Hence, 
The dimensionless number K, the i n e r t i a  parameter, is defined as 
The coefficient of drag CD is  obtained from experimental data  as a 
function of the local  droplet Reynolds number R e  ( r e f .  5) .  
The equations are expressed i n  dimensionless form i n  order t o  main- 
t a i n  the number of calculations at a minimum and t o  simplify the presenta- 
t i o n  of the  r e su l t s .  The dimensionless coordinates x and y are ra t ios  
of the ac tua l  distance t o  the chord length L, which is  the uni t  of 
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length. The dimensionless air velocity components ux and % and the 
droplet velocity components vx and vy are ra t ios  of the actual  veloc- 
i t y  t o  the free-stream velocity,  which is the  unit  of velocity.  Time is 
expressed i n  terms of the  dimensionless quantity T = tV/L. The uni t  of 
t i m e  is the t i m e  required to go a distance L at a speed V. 
An examination of equations (1) and (2)  shows that the characteris-  
t i c s  of the t ra jec tor ies  depend only on the values of the  two dimension- 
less parameters K and Reo. Thus, a unique droplet t ra jectory exists 
fo r  each combination of K and Reo. 
Method of Solution 
The d i f f e ren t i a l  equations of motion (eqs. (1)) are d i f f i c u l t  t o  
solve because values of the  velocity components and the fac tor  containing 
the coefficient of drag depend on the posi t ion and velocity of the droplet 
at each instant  and, therefore, are not known u n t i l  t he  t ra jectory i s  
traced. The values of these quantit ies must be fed in to  the equations as 
a t ra jectory is developed. This was  accomplished by using a mechanical 
d i f f e ren t i a l  analyzer constructed at the NACA Lewis laboratory fo r  th i s  
purpose (ref. 6 ) .  
droplet t r a j ec to r i e s  i n  the coordinates of f igure 3. 
The re su l t s  were obtained i h  the form of plots  of 
The velocity f ie ld  around the  a i r f o i l ,  required fo r  the solut ion of 
t he  t ra jectory equations, was  obtained from equations f o r  incompressible, 
i dea l  flow around a Joukowski a i r f o i l  such as given i n  reference 7. A 
simple t rans la t ion  of coordinates and sca le  is necessary when the usual 
equations f o r  the Joukowski a i r f o i l  (ref.  7)  are used i n  order t o  place 
the  a i r f o i l  as shown i n  f igure 4 with one chord as t h e  uni t  of length. 
The surface coordinate points are presented i n  tab le  I, and the a i r f o i l  
shape is i l l u s t r a t e d  i n  f igure 4. 
surfacewise positions, which i s  often very useful, is given i n  f igure 5. 
The r e l a t ion  between chordwise and 
The equations of motion were solved f o r  various values of the pasam- 
eter K. The i n e r t i a  parameter K is a measure of the  droplet s ize ,  the 
flight speed and s i ze  of the a i r f o i l ,  and the viscosity of the air through 
the re la t ion  
K = 1.704x10-12 d2U/pL ( 5 )  
The density of water, 1.94 slugs per cubic foot,  i s  included i n  the con- 
s t an t .  For each value of K, a series of t ra jec tor ies  w a s  computed for 
each of several  values of free-stream Reynolds number 
Reo = 4.813X10-6 dpaU/p (6) 
6 NACA TN 4035 
A convenient graphical means fo r  determining values of the dimensionless 
parameters K and Reo i n  terms of airplane speed (free-stream veloc- 
i t y ) ,  chord length, a l t i tude ,  and droplet s i ze  is  presented i n  appendix 
B of reference 4. 
A dimensionless parameter CP defined as 
2 
R e g  PaLU 
cp 4 K = 13.594 -CI 
is also used i n  presenting the data. The parameter cp is valuable i n  
that  it is not a function of droplet s i ze .  The parameter CP is an i m -  
portant concept i n  the interpretat ion of cloud measurements i n  which the 
droplet s i z e  is not measured direct ly  and i s  an unknown that must be cal-  
culated (see r e f .  l). 
parameters K, Reo, or  cp w i l l  completely define a data point with re- 
spect t o  the f l i gh t  and meteorological conditions. 
The use of any two of the three dimensionless 
For a symmetrical a i r f o i l  at zero angle of attack, the airflow f i e l d  
f o r  negative values of the y-ordinate is a mirror image of the flow f i e l d  
around the upper a i r f o i l  surface. Thus, only the impingement on the upper 
surface is presented. 
The rate of water impingement and the manner i n  which it is distrib- 
uted on the surface of the a i r f o i l  can be obtained iS the s t a r t i ng  point 
of a droplet t ra jectory is known w i t h  respect t o  the point of impingement 
on the surface.  The s t a r t i n g  ordinate yo at in f in i ty  of any impinging 
t ra jectory can be found i n  f igure 6 w i t h  respect t o  the  point of impinge; 
ment on the surface. The values f o r  the  s t a r t i ng  and ending positions of 
the t r a j ec to r i e s  are shown i n  figure 6 fo r  f ive  values of free-stream 
Reynolds number. 
K are given. Since the  curves for  very low values of K are d i f f i cu l t  
t o  read from the scale used i n  presenting f igure 6, the  same data are 
plot ted i n  f igure 7 f o r  three low values of K. 
For each value of Reo, curves f o r  several  values of 
The calculated points f o r  the curves are shown i n  figures 6 and 7 i n  
order t o  give an appreciation of the precision of the curves. Informa- 
t i o n  on precision is often necessary when the a i r f o i l  is used as the 
principal element of an instrument. Because the mechanical analogue used 
f o r  the calculations is  substantially a graphical method of solution, the 
data points i n  f igure 6 have a tolerance of fi.001 on both values of s 
and values of yo. In f igure 7 the tolerance is #.0005 for  s and 
&O.OOOZ f o r  yo. 
scale factors  during the calculations. The tolerance for the values of 
The difference i n  tolerances is caused by the change i n  
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s along the dashed l i n e  i n  figure 6 (smax, described i n  following sec- 
t ion)  is M.002 because the  determination of the point of tangency pro- 
vided an added fac tor  of uncertainty. 
Extent of Impingement 
The l i m i t  of impingement is determined by the point of tangency on 
the  a i r f o i l  surface of the tangent t ra jectory.  In  f igure 6 the l i m i t s  of 
impingement 
termini of the  curves and which determine t h e  point of impingement of the 
tangent t ra jec tory  for  each combination of K and Reo. For convenience, 
the rearward l i m i t s  are replot ted in  f igure 8 as a function of K f o r  
various values of Reo. 
face from t h e  point of intersect ion of the geometric chord l i ne  w i t h  the  
leading edge (f ig .  3) i n  terms of the chord length. When the a i r f o i l  is 
used as the  pr incipal  element of an instrument, the values of 
a function of K f o r  various values of CP are often more use fu l .  This 
is  shown i n  f igure 9. 
smax l i e  on the dashed l i nes ,  which are the l o c i  of the  
The distances are measured on the a i r f o i l  s u r -  
smax as 
Rate of Total Water Interception 
The rate of t o t a l  water interception, i n  pounds per hour per foot  of 
wing span, is determined by the spacing of the tangent t ra jec tor ies  {f ig .  
3), by the speed of the a i r c ra f t ,  and by the  liquid-water content i n  the  
cloud. The f l i g h t  speed and s i ze  of the a i r f o i l ,  as w e l l  as the droplet 
s i ze  i n  the cloud, are the  pr incipal  variables tha t  a f fec t  the spacing 
between the upper- and lower-surface tangent t ra jec tor ies .  For a sym- 
metrical a i r f o i l  at zero angle of attack, the water t ha t  s t r ikes  the  air- 
f o i l  is divided equally between the top and bottom halves and, therefore,  
is  proportional t o  twice the  spacing between the x-axis and the ordinate 
at in f in i ty  of the  upper surface tangent t ra jec tory .  I n  f igure YO,tan 
6, the values of yo tan and those fo r  smax l i e  on the dashed l i nes .  
The rate of t o t a l  waier interception per uni t  span of the a i r f o i l  on tha t  
portion of t he  a i r f o i l  surface bounded by the  upper and lower tangent 
t ra jec tor ies  can be calculated from the re la t ion  
' m a  = O.66UwLyOttan ( 8 )  
The rate of t o t a l  w a t e r  interception per unit  of span can a l so  be 
obtained from the col lect ion efficiency E, which is  defined as the r a t i o  
of the water contained i n  the  droplets intercepted by the a i r f o i l  to the 
t o t a l  w a t e r  i n  the volume swept out of its path by the a i r f o i l .  On the  
basis  of col lect ion efficiency E = y /0.182, 0, tan 
wm, = 0.12uwLE (9) 
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The values of E are given i n  figure 10 as a function of K f o r  various 
values of Reo. Again, because of the usefulness i n  the application, the 
col lect ion efficiency is  repeated i n  f igure 11 f o r  various values of c p .  
Rate of Local Droplet Impingement 
The loca l  impingement r a t e  on the a i r f o i l  surface is often desirable 
knowledge i n  the  design of thermal ant i - ic ing systems o r  when the a i r f o i l  
is used as a principal element of an instrument. The rate of water i m -  
pinging between any two given points on the a i r f o i l  surface may be found 
by applying the resu l t s  of f igures 6 and 7 i n  the r e l a t ion  
w = o.33uwL(yo,1 - yo,2 ) (10) 
The local  rate of droplet impingement per uni t  area of a i r f o i l  surface 
can be determined from the  expression 
(11) 
dYO W = 0.33Uw- = 0.33UwJ3 P ds 
The values of the loca l  impingement efficiency B as a function of the 
a i r f o i l  distance s are  given i n  figures 1 2  and 13. These values were 
obtained from the slopes of the  curves i n  figures 6 and 7, respectively. 
The values of given i n  figures 1 2  and 13 are estimated t o  be i n  
e r ror  by less than 21 percent. 
is  direct ly  re la ted  t o  the area under the p curves; a check on computa- 
t i ona l  accuracy of the values of J3 
tained by comparing the area under each B curve with values of collec- 
t i o n  efficiency i n  f igure 10. 
of the corresponding values f o r  the r a t e  of t o t a l  w a t e r  interception. 
Since the rate of t o t a l  water impinging 
i n  figures 1 2  and 13 w a s  a l so  ob- 
The area values checked within H.3 percent 
DISCUSSION OF RESULTS 
Comparison of Impingement on 36.5- with 15-Percent-Thick 
Joukowski Airfoils and Cylinder 
A comparison of available data on collection efficiency and l i m i t  of 
impingement f o r  three bodies tha t  vary i n  thickness r a t i o  is helpful when 
interpolation as a function of thickness r a t i o  is necessary. 
15-percent-thick Joukowski a i r f o i l  are  presented i n  reference 8 and fo r  
the  cylinder i n  reference 1. 
because it can be considered as a symmetrical a i r f o i l  with a thickness 
r a t i o  of 100 percent. 
D a t a  f o r  a 
The cylinder is included for  comparison 
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The col lect ion efficiency f o r  the 36.5-percent-thick Joukowski air- 
f o i l  is presented i n  figures 10 and 11 i n  terms of 
Langmuir has suggested the  use of a modified K parameter (refs. 5 and 
9 ) .  The advantage of t h i s  modified pasameter is t h a t  the data  i n  terms 
of K and Reo or cp are essent ia l ly  reduced t o  a s ingle  curve. For 
any given set of operating and meteorological conditions, which are rep- 
resented by one value of the modified parameter, the impingement charac- 
t e r i s t i c s  of several  bodies of different  shape can be easi ly  compared. 
K, Reo, and cp. 
The modified K parameter is known as the KO parameter (see ref. 
9) which is  defined as 
where 
i f  the drag i s  based on experimentally determined values (also known as 
t rue  range), and Xs 
air drag for a sphere. The t o t a l  collection efficiency E is given as 
a function of 
a i r f o i l s  and a cylinder. The values of E as'functions of 5 are shown 
i n  figure 14 as a single-valued curve f o r  each body. Although no proof of 
the significance of is available at this time, careful  calculations 
reduce a family of curves, such as collection efficiency as a function of 
K and Reo shown i n  figure 10, t o  a very narrow band of curves which 
essent ia l ly  can be presented as a single-valued curve for purposes of 
comparison. KO, which represents the same operating 
and meteorological conditions f o r  all three bodies, the collection eff i -  
ciency decreases w i t h  increase i n  thickness r a t i o .  
X i s  the range a droplet would have when projected into s t i l l  air 
i s  the  range of a droplet obeying Stokes' l a w  of 
i n  f igure  14 f o r  15- and 36.5-percent-thick Joukowski 
For any value of 
A comparison of the l i m i t  of impingement smax is shown i n  f igure 
15. The extent decreases with decrease i n  thickness r a t i o  except f o r  low 
values of KO. Low values of represent conditions of s m a l l  droplets 
combined w i t h  large chord lengths and low speed. As an example f o r  orien- 
ta t ion ,  a value of KO 
feet, a chord length of 18 inches, a speed of 200 miles per hour, and a 
droplet diameter of 18 microns. 
of 0.078 could represent an a l t i t ude  of 10,000 
Impingement i n  Clouds of Nonuniform Droplet Size 
"he da ta  presented i n  figures 6 t o  13 apply d i rec t ly  only t o  f l i gh t s  
i n  clouds composed of droplets that are a l l  uniform i n  s ize .  
i n  a cloud, however, may have a range of s izes .  
f o r  protection against ice formation can be i n  error  when based on a 
s ingle  droplet s i z e  such as the volume-median if a dis t r ibut ion of droplet 
The droplets 
The design of equipment 
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s izes  i s  present i n  the cloud. The l i m i t  of impingement on the surface 
is governed principally by the large droplets. Also, the t o t a l  rate of 
impingement can vary considerably with changes i n  the s i ze  dis t r ibut ion 
of the cloud even though the liquid-water content and volume-median diam- 
eter are maintained. When the s i r f o i l  section is used as an element of 
a measuring instrument, the  data  i n  figures 6 t o  13 must always be applied 
i n  a modified (weighted) manner. The method of weighting the da ta  is  
discussed i n  d e t a i l  i n  reference 2 i n  the application of cylinder data  t o  
the dye-tracer technique and is  reviewed br ie f ly ,  along with the dye- 
t racer  technique, i n  appendix B herein. 
USE OF ALRFOIL AS SENSING ELEMENT 
An evaluation of the  36.5-percent-thick Joukowski a i r f o i l  as a sensing 
element i n  an instrument can be made with i l l u s t r a t ing  examples. Much of 
the  discussion on the a i r f o i l  also applies to other geometric shapes, par- 
t i c u l a r l y  cylinders, except t ha t  the range of l i m i t s  of K and Reo may 
vary. 
Basic Requirements of a Sensing Element 
A necessary requirement for a sensing element is tha t  the unknown 
being measured by the element must have a w e l l  defined variation with 
respect to a known independent quantity. 
which is the  unknown being measured by the  Joukowski element, must be a 
w e l l  defined function of e i the r  surface extent or col lect ion rate (either 
t o t a l  or local ,  depending on which is  used), which presumably is obtained 
by measurement. For example, according t o  the curves i n  figures 9 and 
11, a w e l l  defined function ex is t s  between the l i m i t  of impingement ( f ig .  
9)  o r  col lect ion efficiency ( f ig .  11) and the i n e r t i a  parameter K, which 
contains the  factor  of droplet size,  fo r  values of K from 0.04 to 5. 
Flight and meteorological conditions represented by values of K smaller 
and larger than the l i m i t s  s t a ted  reduce the sens i t iv i ty  of the thick 
Joukowski a i r f o i l  as a sensing element. Unfortunately, values of K less 
than 0.04 are often encountered i n  ic ing tunnel and f l i g h t  operations. 
For example, f o r  operation at 200 miles per hour, an a l t i t u d e  of 10,000 
feet ,  and an a i r f o i l  chord length of 18 inches, K 
droplet diameters are less than about 8 microns. The upper l i m i t ,  t ha t  
is, K greater than 5, represents droplets greater than 87 microns provided 
the  other conditions do not change. 
For example, the droplet s ize ,  
is less than 0.04 when 
The preceding example i l l u s t r a t e s  the des i rab i l i ty  of using several  
a i r f o i l s  with different  chord lengths (see r e f .  10, appendix B) i n  measur- 
ing clouds with wide dis t r ibut ions i n  droplet s ize .  A change i n  a i r f o i l  
chord length has a large e f fec t  on the l i m i t s  of sens i t iv i ty  because the  
chord length L appears i n  the  expression fo r  the i n e r t i a  parameter K 
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as w e l l  a s  i n  the determination of other f ac to r s  such as surface extent. 
If a 6-inch a i r f o i l  had been used in  the preceding example, the values 
of K would have been three times larger  (values of Reo axe not affected 
by chord length), and the readings fo r  either surface distance of impinge- 
ment ( f igs .  % and 9) or  collection efficiency (figs.  10 and 11) would have 
been shifted in to  a region more favorable f o r  the smallest droplets. This 
sh i f t ,  however, hampers the large droplet measurements f o r  which large 
a i r f o i l s  are required. 
In.  I n  inches fo r  droplet 
diameter difference 


















i i Sensi t ivi ty  for Droplet-Size Discrimination 
In  the dye-tracer technique and other methods, the determination of 
the droplet-size dis t r ibut ion requires a known correlat ion between droplet 
s i ze  and l i m i t  of impingement. For sens i t iv i ty ,  a measurable var ia t ion 
between droplet s ize  and impingement l i m i t  is  required. An appreciation 
f o r  the sensit iv&ty, as w e l l  as the judgment required i n  the select ion of 
s i z e  of cloud measuring elements and their  application, can be obtained 
M,. from the following example. The following table presents a spectrum of 
2 droplet s izes  and the corresponding values of parameters and dimensions 































{Flight speed, 200 mph; a l t i tude ,  10,000 f t ;  
a i r f o i l  chord length, 1% in . ]  
microns 


















%btained from extrapolated curves i n  f i g .  8.  
The extent of impingement is given i n  the fourth column a s  a r a t i o  
of the actual  distance t o  the chord length (obtained from f ig .  8) and i n  
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the  f i f t h  column i n  inches for  an a i r f o i l  with an 18-inch chord. The 
last column gives the difference i n  l i m i t  i n  inches for a 2-micron d i f fe r -  
ence i n  diameter of the droplets. 
the l i m i t s  and, therefore, the largest  sensi t ivi ty ,  occurs between 10- 
and 8-micron droplets although good sens i t iv i ty  ex is t s  from 8- t o  25- 
micron diameters. 
In  the table  the largest  difference i n  
In  the discussion of the dye-tracer technique presented i n  reference 
2, l/B-inch segments of b lo t t e r  are used i n  the colorimetric analysis.  
Thus, the sens i t iv i ty  is l imited to variations tha t  take place on incre- 
ments larger than 1/8 inch. I n  the example c i ted  i n  the preceding table,  
6-micron droplets cannot be different ia ted from 4-micron droplets, and 
38-micron droplets cannot be differentiated from 40-micron droplets when 
1/8-inch segments are used. A s ize  spectrum would be most accurate between 
38 and 6 microns. If 1/16-inch segments are used (see re f .  lo), some i m -  
provement is realized i n  the lower s i z e  range of the spectrum, but the 
lower l i m i t  is not extended appreciably. As can be seen from the preced- 
ing table,  if the surface graduations were 1/16 inch apart, the lower 
range sens i t iv i ty  would be extended t o  include the 5-micron droplets. 
This extention would be an improvement of 1 micron i n  diameter. However, 
the use of 1/16-inch segments, especially near the stagnation l ine ,  i m -  
proves the accuracy i n  determining the loca l  ‘rate of water dis t r ibut ion 
(Wp curve described in  appendix B) .  
!The l i m i t  of accuracy and sens i t iv i ty  i n  the s i ze  spectrum (e.g., 
38- to 6-micron range i n  preceding example) w i l l  change when operating 
and meteorological conditions change. A s  discussed i n  the preceding sec- 
t ion,  a change i n  a i r f o i l  chord length has a large e f fec t  on the  l i m i t s  
of sens i t iv i ty .  The small a i r f o i l s  have a desired advantage i n  measuring 
small droplets; however, decreasing the a i r f o i l  s i ze  introduces other 
d i f f i cu l t i e s .  Decreasing the chord length from 18 to 6 inches decreases 
the surface distance (scale) on which the  measurements are made, with a 
consequent requirement of greater care and more sens i t iv i ty .  
The preceding principles,  actions, and conclusions apply equally well 
to cylinders and other geometric shapes. It should be noted tha t  a cylin- 
der has different  l i m i t s  of sens i t iv i ty  than an a i r f o i l .  Also, there are 
differences i n  sens i t iv i ty  among a i r f o i l s  of varying thickness r a t i o  and 
shape as w e l l  as chord length mentioned i n  the preceding paragraph. 
Masking ef fec t  of large droplets. - I n  the determination of droplet- 
s i z e  dis t r ibut ion and liquid-water content, the masking effect  of large 
droplets is a source of e r ro r  inherent w i t h  most instruments that depend 
on impingement and retent ion of the cloud substance such as dye or ice  
accretion. With these instruments the f i n a l  measurement, for  example, 
the local  r a t e  of impingement on the surface of the element or t o t a l  
collection efficiency, is a composite of contributions by droplets of 
different s izes .  The contribution from large drops may overwhelm the 
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contribution from the s m a l l  droplets even though a large percentage of 
the t o t a l  water i n  the cloud may be car r ied  by the s m a l l  Ckoplets, because 
of the low col lect ion efficiency of s m a l l  droplets.  
is i l l u s t r a t e d  with examples i n  appendix C obtained from table 11. 
This masking e f f ec t  
In  appendix C two widely differ ing droplet-size dis t r ibut ions 
( f l igh ts  1 and 3, table  11) measured with an aeroscope {ref. 3) are taken 
as the standards with which comparisons are made. These dis t r ibut ions 
are applied t o  a 36.5-percent-thick Joukowski a i r f o i l  section used i n  
such a manner t h a t  the loca l  collection rate on chordwise sections of the 
a i r f o i l  surface is the  pr incipal  measurable quantity. This method is  used 
i n  the dye-tracer technique described i n  reference 2 and reviewed i n  ap- 
pendix B herein. 
groups. 
as measured with aeroscope) i s  given i n  rows D and K fo r  f l i g h t s  1 and 3, 
respectively. 
The droplet-size dis t r ibut ions are divided in to  s i z e  
The w a t e r  contained i n  each s i z e  group (fract ional  par t  of t o t a l ,  
The example evaluations fo r  f l i g h t  1 are made a t  f i v e  chordwise 
positions on the  a i r f o i l  surface (approximately 1 in .  apaxt (rows E t o  I)) 
i n  order t o  present a condensed tab le  of calculations.  (The curve fo r  the  
loca l  rate of w a t e r  impingement as a function of surface distance (see 
appendix B) i s  established by a large number of analyses of punched seg- 
ments ( refs .  2 and 10). 
stagnation l i n e  only. 
For f l i g h t  3 the  evaluations are made at  the 
Row E is  an analysis at the a i r f o i l  stagnation l i n e  (s = 0) f o r  
f l i gh t  1. The r a t e  of l oca l  droplet impingement P obtained from f i g -  
ures 1 2  and 13 is  given along with the rate of water impingement on the 
a i r f o i l  contributed by each s i ze  group (product of j3 and water contained 
i n  each s i ze  group (row D ) ) .  The sum of t he  ra tes  of water impingement 
contributed by each s i ze  group is  the weighted loca l  impingement e f f i -  
ciency. This value of weighted local  impingement efficiency is 0.5482 at 
the stagnation l i n e  for  f l i g h t  1. When the weighted value of j3 is used 
i n  equation (ll), the  loca l  rate of w a t e r  impingement 
This value is  used for the  W 
determining the  droplet-size dis t r ibut ion i n  the cloud (see appendix B ) .  
Wp is obtained. 
curve i n  the  dye-tracer technique for P 
Errors i n  the  measurement of dye concentration i n  each punched seg- 
ment w i l l  change the  WP 
t r ibu t ion  i n  a proportional manner. A change i n  the Wp curve can affect 
the reported droplet-size d is t r ibu t ion  appreciably among the s m a l l  drop- 
lets. Because the e r ror  i n  measuring dye concentration shrinks the 
ordinate and not the surface extent of impingement and because the  droplet- 
s i z e  dis t r ibut ion obtained by the  dye-tracer technique i s  a cumulative 
composite of contributions by different  s izes  s t a r t i ng  with the la rges t  
s ize ,  the s m a l l  droplets contributing a s m a l l  f rac t ion  of the t o t a l  dye 
can be indiscernible i n  the analysis.  
i n  measuring the dye concentration lowers the  Wp by 5 percent. Through 
curve used i n  determining the droplet-size dis-  
wP 
For example, an e r ror  of -5 percent 
14 NACA TE3 4035 
equation (11) the lowering of 
weighted l o c a l  impingement efficiency p lowered by 5 percent. A t  the 
stagnation l i n e  i n  the example given i n  appendix C f o r  f l i g h t  1 (row E) ,  
5 percent lowers the value of weighted J3 by 0.0274. All the water 
impinging on the b lo t t e r  at the  stagnation l i ne  can be accounted f o r  i n  
the  droplets between diameters of 57.5 and 12.6 microns. The amount of 
dye lo s t  by the  e r ror  i s  tine same as tha t  which is  contributed by the  0- 
to 12.6-micron-diameter droplets. A s  can be seen by the analyses made in  
rows F to I, other posit ions on the a i r f o i l  surface do not a id  i n  discern- 
ing these small droplets.  When the droplets below 1 2 . 5  microns are in- 
discernible, the liquid-water content is  only 0.89 as large as t h a t  
measured by the mroscope. 
Wp can be considered i n  terms of a 
The analysis along the  stagnation l i n e  fo r  f l i g h t  3 (row L) shows 
that a 5-percent error  ob l i te ra tes  the droplets between 0 and 7.5 microns. 
Elimination of these droplets makes the liquid-water content 0.95 as large 
as tha t  measured with the  aeroscope. 
A safeguard against losing t o o  many of the s m a l l  droplet groups i s  
provided i n  reference 10 by using an aspirator  to determine liquid-water 
content and, also, to es tab l i sh  the loca l  r a t e  of water impingement curve 
(appendix B) at the a i r f o i l  stagnation l i ne .  
several  a i r f o i l s  of d i f fe ren t  s izes  ( r e f .  10) improves the inherent sen- 
s i t i v i t y  on loca l  ra tes  of impingement as w a s  shown f o r  l i m i t s  of 
impingement. 
Furthermore, the use of 
Cylinder Surface Velocities 
The problem of discrepancies i n  cloud measurements when the s i ze  of 
the  cylinder was varied i s  mentioned i n  the IEJTRODUCTION. 
the  t ra jectory calculations i n  reference 1 based on the c lass ica l  theory 
of airflow around a r ight  c i rcular  cylinder, f i n a l  cloud measurements 
(droplet-size dis t r ibut ion and liquid-water content) should not be depend- 
ent  on the s i z e  of the cylinder used. The cylinder-size trend experienced 
i n  the work reported i n  reference 2, i n  which the f i n a l  resu l t s  w e r e  
dependent on the par t icular  cylinder diameter used, i s  caused by factors  
other than the  sens i t iv i ty  discussed i n  the preceding sections. 
more, the t rend is not pa r t  of the concept presented i n  reference 1 i n  




Because of the different  surface to free-stream velocity r a t i o  meas- 
ured on different-sized cylinders i n  the ic ing wind tunnel ( f ig .  l), it 
w a s  suggested i n  reference 2 tha t  the differences i n  cloud measurements 
obtained by different  s izes  of cylinders were due t o  differences i n  the 
flow fields surrounding the cylinders. 
t ha t  the difference i n  surface veloci t ies  between the 6- and 2-inch 
If the point of view is  taken 
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cylinders ( f ig .  1) is caused by the  degree of separation of flow from the 
cylinder surface ( f ig .  16) and consequently by the location on the  sur- 
face of the two cylinders where separation begins, the difference i n  i m -  
pingement among the cylinders can be explained i n  par t  on the  basis of 
differences i n  the  flow f i e l d .  When flow separation occurs, the airflow 
ahead of the  cylinder is not t h a t  attendant t o  a cylinder b u t  rather t o  
some v i r tua l  shape such as shown i n  f igure 16 by the  forward par t  of the 
cylinder and the  dashed l i nes .  Since the  t ra jec tor ies  of droplets are 
governed by the  environmental airflow pattern,  the impingement is r e l a t ed  
t o  the  v i r t u a l  shape caused by the flow separation. 
Icing tunnel experiments beyond those reported i n  reference 2 have 
shown tha t  s i z e  trends were nearly eliminated when the cylinders w e r e  
replaced by 36.5 -percent -thick Joukowski a i r f o i l s  of different  s izes .  
The elimination of the s i z e  trend w a s  due t o  the  elimination of flow 
separation as can be surmised from the surface velocity d is t r ibu t ion  
shown i n  f igure 2.  
The differences i n  curves of surface velocity shown i n  f igure 1 f o r  
different  -sized cylinders may not apply under a l l  operating conditions. 
A safe procedure i n  the use of cylinders is  t o  survey the surface velocity 
on the cylinders with pressure taps .  I n  order ‘for a reasonable assurance 
that the theore t ica l  t ra jectory resu l t s  of reference 1 apply, the velocity 
survey should not reveal flow separation such as is revealed i n  figure 1. 
A pressure t a p  survey of surface veloci t ies  with the cylinders mounted on 
an airplane w a s  made i n  f l igh t  i n  order t o  determine whether the separa- 
t i o n  deduced from figure 1 was  largely affected by tunnel conditions such 
as tunnel turbulence. I n  order t o  minimize end effects ,  both the 6- and 
2-inch f l i g h t  cylinders were 15 inches long, and the hales f o r  the pres- 
sure taps w e r e  located midway between t h e  ends. 
The f l i g h t  resu l t s  are shown i n  f igure  1 7  with the  theore t ica l  and 
6-inch cylinder curves of f igure 1 taken i n  the  icing tunnel. 
r e su l t s  are very comparable t o  the tunnel r e su l t s  i n  t h a t  the  veloci t ies  
of the 2-inch cylinder are lower than f o r  t he  larger cylinder i n  both 
cases, and a l l  are lower than the theoret ical .  The f l i g h t  surface veloci- 
t ies on the 4.5-inch cylinder of the multicylinder set detai led i n  f igure  
16 of reference 1 are also shown i n  f igure 1 7 .  Although the  maximum ve- 
loc i ty  measured on the 4.5-inch cylinder is s l igh t ly  higher than on e i the r  
the  6- or 2-inch cylinder, the velocity everywhere i s  considerably lower 
than the theore t ica l  and, thus, lower than the values necessary f o r  safe 
application of the theoret ical  computations of reference 1. The somewhat 
higher maximum veloci t ies  obtained on the 4.5-inch cylinder mounted as 
par t  of the multicylinder set are not readi ly  explainable. 
fact tha t  th is  cylinder w a s  only about 3 inches long as compared t o  15 
inches fo r  the 6- and 2-inch-diameter cylinders and tha t  the mounting was  
s l igh t ly  d i f fe ren t  may have a bearing on an explanation. The 4.5-inch 
multicylinder was mounted as par t  of the multicylinder set .  
The f l i g h t  
However, the  
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Because the f l i gh t  and tunnel velocity dis t r ibut ions on the surface 
of the cylinders are s i m i l a r ,  the droplet impingement on the f l i g h t  cylin- 
ders can be expected t o  behave i n  a manner similar t o  t h a t  on the tunnel 
cylinders. 
CONCLUDING REMRRKS 
Viscosity w a s  one of t he  e f fec ts  mentioned i n  the IIVTRODUCTION that 
Although at are not accounted fo r  i n  theoret ical ly  derived flow f i e lds .  
present there  is no d i rec t  experimental evidence evaluating the e f f ec t  of 
viscosity on t ra jec tor ies ,  there are reasons to believe tha t  with most 
w e l l  designed aerodynamic bodies the e f f ec t  of viscosi ty  is s m a l l .  An 
analyt ical  evaluation of viscosity presented i n  reference 11 supports t h i s  
point of view f o r  the range of Reynolds numbers usually encountered i n  
making na tura l  cloud measurements from a i r c ra f t .  Perhaps a simplified 
physical explanation of the reason the e f fec t  of viscosi ty  on droplet 
t r a j ec to r i e s  around cylinders is  negligible may be pa ra l l e l  to the  expla- 
nation on why compressibility has small e f fec t .  The velocity f i e l d  about 
the  cylinder is influenced only near the cylinder surface by e i the r  com- 
p res s ib i l i t y  or viscosi ty .  
when the flow f i e l d  is affected only near the body, the  e f fec t  is small on 
t r a j ec to r i e s  of droplets.  
Reference 1 shows for  compressibility that 
The replacement of cylinders by a Joukowski a i r f o i l  for  measuring 
instruments is  required only when the  airflow around the cylinder is  not 
comparable t o  the theore t ica l  flow used i n  the calculations of reference 1. 
The 36.5-percent-thick Joukowski a i r f o i l  re ta ins  many of the desirable 
properties of the cylinder and has the necessary flow f i e l d  tha t  permits 
the  application of calculated results i n  a range of operating conditions 
not possible with cylinders. The l e a s t  desirable feature  of the  a i r f o i l  
is  tha t  t h e  shape changes as i ce  accumulates on the surface. This feature 
is  of no consequence when the a i r f o i l  is used w i t h  the  dye-tracer technique 
i n  tunnels. 
As mentioned i n  the  ILWTRODUCTION, the impingement data presented 
herein are a l so  useful i n  estimating impingement on th ick  streamlined 
s t r u t s .  Thick-sectioned s t r u t s  that  a re  over 15 percent thick probably 
do not d i f f e r  from Joukouski a i r f o i l  sections i n  any manner that a f fec ts  
the col lect ion efficiency appreciably when compared to a Joukowski a i r f o i l  
section of the same thickness r a t io .  The surface extent of impingement is 
more sens i t ive  than col lect ion efficiency t o  de t a i l s  of shape {ref. 10). 
As demonstrated i n  reference 12,  if a par t  of an a i r f o i l  section (such as 
the  leading-edge region or forward 25-percent region, e tc . )  has the same 
shape and pressure d is t r ibu t ion  as i ts  counterpart on another a i r f o i l ,  the 
impingement on the two par t s  will be the  same even though the other por- 
t ions  of the a i r f o i l  sections d i f f e r  i n  both shape and pressure 
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dis t r ibut ion.  On thick-sectioned bodies the dis t r ibut ion is concentrated 
on the  leading edge, which eases the problem of estimating the surface 
impingement. 
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droplet radius, f t (3.048~10~ microns) 
coefficient of drag, dimens ionless 
droplet diameter, microns (3.  28X10'6 f t )  
col lect ion efficiency, dimensionless 
i n e r t i a  parameter, I. 704310-12 E, dimensionless (density of water, 
2 
I-l.L 
1.94 slugs/cu f t ,  included i n  constant) 
modified i n e r t i a  parameter, h K, dimensionless x, 
a i r f o i l  chord length, f t  
loca l  Reynolds number with respect to droplet, dimensionless 




distance on surface of a i r f o i l  measured from leading-edge chord 
point,  r a t i o  t o  chord length 
time, sec 
f l i g h t  speed, mph 
loca l  air velocity, r a t i o  t o  free-stream velocity 
free-stream velocity, f t /sec 
loca l  droplet velocity, r a t i o  t o  free-stream velocity 
r a t e  of w a t e r  impingement per uni t  span of a i r f o i l ,  l b / (h r ) ( f t  span) 
loca l  r a t e  of water impingement, lb / (hr ) ( sq  f t )  
liquid-water content i n  cloud, g/cu m 











loca l  impingement efficiency, 9, dimensionless 
ds s 
8 cent ra l  angle of cylinder measured from leading edge stagnation 
point, deg 
x t rue  range of droplet as a pro jec t i le  injected in to  s t i l l  air ,  f t  
range of droplet as a pro jec t i le  following Stokes' l a w ,  f t  
viscosi ty  of air, s lugs / ( f t )  (sec) IJ. 
p density, slugs/cu f t  
z dimensionless t i m e  functions, 7 = tV/L 
Reo 2 18paLV 2 




I lower a i r f o i l  surface 
max maximum or t o t a l  rate 
S a i r f o i l  surf ace 
t a n  tangent t ra jectory 
U upper a i r f o i l  surface 
W water 
x,y component coordinate direction 
B loca l  rate 
0 free stream 
20 
APPENDIX B 
RENIEW OF DYE-TRACER TECHNIQUE 
NAI=A,TN 4035 
The method is reviewed herein t o  present the background necessary 
f o r  evaluating the use of the 36.5-percent-thick Joukowski a i r f o i l  as a 
sensing element i n  a cloud droplet instrument .  The dye-tracer technique 
was  developed i n  order t o  measure the droplet-size dis t r ibut ion and 
liquid-water content i n  a cloud. Ablotter-wrapped body, such as a cylin- 




containing a dyed-water spray cloud. 
with s m a l l  quantit ies of water-soluble dye i s  injected i n  the form of 
droplets i n to  the airstream ahead of the  body by means of spray nozzles. 
A t  the  point of impact and droplet absorption by the  b lo t te r ,  a permanent 
dye deposit is obtained. 
direct ly  proportional t o  the water impingement rate. The amount of dye 
t race  obtained i n  a measured time interval can be determined by colorimet- 
r i c  analysis and converted in to  the quantity of water w h i c h  produced it 
because the composition of the t reated water is known. 
water impingement 
surface extent of impingement 
analysis. 
I n  t h i s  technique, water t reated 
The amount of dye deposit on the b l o t t e r  is 
The loca l  rate of 
Wp, t o t a l  r a t e  of water interception W-, and the  
smax are obtained from the colorimetric 
The pr incipal  information obtained from the colorimetric analysis is 
the local  rate of water impingement WB as a function of surface distance 
s. Typical v d u e s  of Wp are shown i n  figure 18 as the sol id- l ine curve. 
The area under the curve is  a measure of the t o t a l  water impingement on the 
b lo t t e r .  The area under the Wp curve is  a composite of areas contributed 
by an unknown number of different  droplet s izes  i n  the cloud-size dis t r ibu-  
t ion .  The object is t o  determine the  cloud-size dis t r ibut ion from the 
shape of the solid-line curve i n  figure 18. The determination is made w i t h  
the  use of the calculated j3 curves ( loca l  impingement efficiency) shown 
i n  figures 1 2  and 13. 
For simplicity in  the presentation of the principles involved, the 
abscissa i n  figure 18 ( a i r f o i l  surface distance of impingement) is  arbi-  
t r a r i l y  divided in to  s i x  equal increments. A s  is described i n  reference 
2, the  number and s ize  of increments are usually governed by the s i ze  of 
t he  segments punched from the b lo t te r  fo r  use i n  the colorimetric analysis 
(see f i g .  12, r e f .  2 ) .  The l i m i t  of impingement smax is established by 
the  largest  droplets present i n  the droplet-size distribution. The actual  
diameter can be obtained from the values of and imp iiigeme n t  1 i m i  t 
data presented i n  figures 8 and 9 .  The contribution of these largest  
droplets t o  the t o t a l  area under the sol-id l i ne  is  obtained by superposing 
i n  figure 18 the proper p curve {local r a t e  of droplet impingement) ob- 
tained from figures 1 2  and 13. This superposition properly weighted f o r  
a f rac t iona l  past  of t o t a l  w a t e r  is  shown i n  figure 18 as the dashed l i ne  
smax 
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labeled 1. 
cloud composed of droplets uniform i n  s ize ,  curve 1 would coincide w i t h  
the so l id  curve. However, f igure 18 indicates that the largest  droplets 
i n  the cloud contribute only the area under curve 1. 
If the sol id- l ine curve were a r e s u l t  of impingement by a 
The next s tep is t o  determine the contribution by a smaller s i ze  
group. 
Again, from the value of 
This group is  assumed t o  have a l i m i t  of impingement at 52.  
52 and the data of figures 8, 9, 12, and 13, 
I the  area contribution by group 2 is  found t o  be the area between the 
I dashed l ines  labeled 2 and 1. The procedure is repeated for  53, and so I 
I for th .  Detailed procedure w i t h  working charts is  given i n  reference 2. 
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EVALUATION OF MASKING EFFECT 
An evaluation of the er rors  t ha t  actually are involved i n  the masking 
ef fec t  can be made w i t h  a r e a l i s t i c  cloud dis t r ibut ion.  The cloud data 
used i n  the following evaluation were obtained i n  f l i g h t s  through atmos- 
pheric clouds and are reported i n  reference 3. 
made with an oil-stream photomicrographic aeroscope i n  which the cloud 
droplets w e r e  continuously captured i n  a stream of o i l  and photographed 
by a photomicrographic camera. 
The measurements w e r e  
The bas ic  data used i n  table I1 (number of droplets i n  each s i ze  
group) are obtained from the  tables of reference 3 .  
dist r ibut ions t&en on d i f fe ren t  days and i n  different  cloud formations 
are used i n  table I1 and are ident i f ied w i t h  the f l i gh t ,  run, and picture 
numbers given i n  reference 3. The droplets we dis t r ibuted by s i ze  
(diameter) i n to  groups, each group except the first covering a s i z e  range 
of 5 microns. The i n e r t i a  parameter K (row A) and free-stream Reynolds 
number Reo 
s i z e  group, except the first group f o r  which,a 5-micron diameter w a s  
used. 
Two samples of s i ze  
(row B) are calculated using the average diameter i n  the 
The number of droplets i n  each s i z e  group is  given i n  rows C and J 
f o r  f l i gh t s  1 and 3, respectively, and the amount of water i n  each s i ze  
group, as a f rac t iona l  par t  of the t o t a l  water measured i n  the cloud, is 
given i n  rows D and K. For example, for  f l i g h t  1 s l igh t ly  more than one- 
t en th  of the  t o t a l  water measured i n  the cloud is contained i n  the 269 
droplets i n  the 7.6-to-12.5-micron-diameter group. For f l i gh t  1 the  rate 
of droplet col lect ion is analyzed at five chordwise positions approximately 
1 inch apart  on the surface of the  a i r f o i l  (rows E t o  I). 
the  analysis is made at the stagnation l i n e  only ( s  = 0, row L) .  Each 
row gives the loca l  col lect ion efficiency J3 obtained from figures 1 2  
and 13 and the product of and the water contained i n  the s i z e  group 
(rows D and K f o r  flights 1 and 3, respectively).  For example, at the 
stagnation l i n e  (s = 0) for f l i g h t  1 the loca l  col lect ion efficiency is  
0.19 fo r  the 7.6- t o  12.5-micron s i ze  group, and the product of #?I and 
the  water contained i n  that s i z e  group is 0.19~ 0.107 = 0.0203. T h i s  value 
is the contribution by the 7.6- t o  12.5-micron s i ze  group t o  a small seg- 
ment of b l o t t e r  located at the stagnation l ine .  The summation of a l l  the 
contributions at the stagnation l i ne  by all the  s i z e  groups present i n  
the cloud gives a loca l  col lect ion efficiency which is weighted according 
t o  the droplet  s i z e  versus the water content d i s t r ibu t ion  i n  the cloud. 
The loca l  rate of water impingement is obtained when the weighted value 
of j3 is used i n  equation (11). 
For f l i g h t  3 
J3 
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I n  the dye-tracer technique the problem is worked i n  the reverse 
order from t h a t  presented herein. The loca l  rate of water impingement 
Wp is the quantity measured, and from W the droplet-size dis t r ibut ion 
is obtained (see appendix B).  The examples i n  table  I1 i l l u s t r a t e  t he  
sens i t iv i ty  required i n  the dye-tracer technique i n  order t o  t r e a t  ade- 
quately s ize  groups tha t  make s m a l l  contributions t o  the t o t a l  e f f ec t .  
An error  of -5 percent i n  j3 causedby er rors  i n  measurements of Ws 
is l i s t e d  i n  each of the rows analyzed. 
a f fec ts  the droplet -size dis t r ibut ion and the  liquid-water content is 
discussed i n  the  t ex t .  
B 
The manner i n  which t h i s  e r ro r  
For the purpose of the example i l l u s t r a t ing  the masking effect ,  it 
is assumed t h a t  the data  on s i z e  dis t r ibut ion and liquid-water content 
measured by the aeroscope are as accurate as needed here, and the values 
measured by the  aeroscope are m b i t r a r i l y  taken as the standards f o r  com- 
parison with an instrument which uses a Joukowski a i r f o i l  section (36.5 
percent; thick) as the  collecting element. 
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TABLl3 I. - COORDINATE P O I N T S  FOR SYMMETRICAL 
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Cylinder central  angle, 0 ,  deg 
Figure 1. - Comparison of experimental ( ic ing tunnel) with 
theore t ica l  surface t o  free-stream velocity r a t i o  for 6- and 
2-inch-diameter cylinders (ref. 2) . 






Figure 2. - Comparison of experimental (icing tunnel) with theoretical surface to free-stream 
velocity ratio for 36.5-percent-thick symmetrical Joukowski airfoil. 
nel airspeed, 175 miles per hour; airfoil chord length, 16.32 inches. 
Angle of attack, Oo; tun- 
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Figure 5. - Relation between distance along surface of 36.5-percent-thick Joukowski airfoil 
and chordwise station. 
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;i a (a) Iner t ia  parameter, 0.08035 
0 (h)  Iner t ia  parameter, 0.04018. 
0 .004 .008 .012 .016 .om .024 .028 
Distance on a i r f o i l  surface, s, r a t i o  t o  chord length 
(c) Iner t ia  parameter, 0.02008. 
Figure 7. - Trajectory s ta r t ing  ordinates as function of point of inpingement on a i r f o i l  surface for  
small values of iner t ia  parameter. Angle of attack, Oo; 36.5-percent-thick Joukmski a i r f o i l .  
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L 10 
Inertia par-cer, K 
Figure 9 .  - L i m i t  of impingement on upper or  lower surface of 36.5-percent-thick Joukomki airfoil 
Angle o f  attack, Oo. as function of inertia parapleter and 0 .  
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(a) Free-stream Reynolds number, 16. 
Figure 12. - Local impingement efficiency on surface of 36.5-percent-thick Joukowski airfoil. Angle of 
attack, Oo.  





(b) Free-stream ReynOldB number, 64. 
Figure 12. - Continued. Local impingement efficiency on surface of 36.5-percent-thick Joukowski air- 
foil. Angle of attack, 00. 
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(e) Free-stream Reynolds number, 128. 
Figure 12. - Continued. Local impingement efficiency on surface of 36.5-percent-thick Joukowski air- 
foil. Angle of attack, OO. 
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(d) Free-strew Reynolds number, 256. 
Figure 12. - Continued. Local impingement efficiency on surface of 36.5-percent-thick Jaukowski air- 




(e) Free-stream Reynolds number, 1024. 
Figure 12. - Concluded. Local impingement efficiency On surface of 36.5-percent-thick Joukowski air- 
flow. Angle of attack, Oo. 
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(a) Inertia parameter, 0,08035. 
(b) Inertia parameter, 0.04018 and 0.02008. 
Figure 13. - Local impingement efficiency on surface of 36.5-percent-thick Joukowski 
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Modified inertia parameter, KO 
Figure 15. - Comparison of surface extent of impingement for 15- and 
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Cylinder central angle, 0, deg 
Figure 17. - Comparison of various cylinders in flight and tunnel. 
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Airfoil  surface distance, s 
Figure 18. - I l lustrat ion of t o t a l  impingement rate on a i r f o i l  surface with con- 
tributions from several droplet s ize  groups. 
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